A detailed high pressure study is carried out on 1T ′ MoTe 2 using X-ray diffraction(XRD) and Raman spectroscopy measurements upto about 30.5 GPa. High presa) Corresponding author:goutamdev@iiserkol.ac.in
sure XRD measurements show no structural transition. All the lattice parameters exhibit anomalous changes in the pressure region 8.4 to 12.7 GPa. Compressibility of the sample is found to be reduced by almost four times above 12.7 GPa with respect to that below 8. 4 GPa. The anomalies in the Raman mode corresponding to the out of plane vibrations of Mo atoms sitting in the unit cell surface indicate a strong electron phonon coupling possibly mediated by differential strain inside the unit cell.
I. INTRODUCTION
Transition metal dichalcogenides(TMDCs) have been in research forefront due to their variable band gap and strong spin orbit coupling 1 . MoTe 2 is one of the recently discovered highly promising 2D TMD synthesized in different crystal structures: hexagonal(2H), monoclinic(1T ′ ) and orthorhombic(T d ) phases 2 . 2H MoTe 2 is a semiconductor; 1T ′ and T d are semi-metals. 1T ′ MoTe 2 exhibits superconductivity at very low temperature and the transition temperature is found to be enhanced by application of pressure 3 . High pressure studies have revealed a strain mediated change in crystal structure of exfoliated a few layered WS 2 and MoSe 2 samples 4, 5 . A recent study on 2H MoTe 2 has shown a semiconducting to metallic transition above 10 GPa without any structural transition 6 . Therefore a detailed high pressure investigation on 1T ′ MoTe 2 is necessary to understand its strain and electronic structure correlation.
In the present work we have carried out a detailed high pressure investigation on monoclinic MoTe 2 using Raman spectroscopy and X-ray diffraction measurements. Our results show anomalies in equation of state parameters and certain Raman modes from 8.4 GPa to 12.7 GPa indicating a strain mediated electronic transition.
II. EXPERIMENT
High pressure XRD and Raman spectroscopy experiments are carried out using pistoncylinder type diamond-anvil cell (DAC) from Almax easyLab 4 . The culets of the diamonds are of 300 µm diameter. Sample is loaded inside a central hole of diameter 100 µm drilled on a steel gasket preindented to a thickness of 45 µm. For Raman spectroscopy measurements small ruby chips of (approximate size 3-5 µm) are loaded along with the sample inside the hole to determine the pressure 7 . High quality single crystal 1T ′ MoTe 2 sample is purchased from HQ graphene. Cobolt-samba diode pump laser of wavelength 532 nm and Sapphire SF optically pumped semiconductor laser of wavelength 488 nm are used as excitation sources for Raman measurements. Raman spectra are collected in the back scattering geometry using a confocal micro-Raman system (Monovista from SI GmbH) with 750mm monochromator and a back-illuminated PIXIS 100BR (1340X100) CCD camera. The scattered light is collected with 50x infinitely corrected long working distance objective with numerical aperture 0.42.
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The collected scattered light is dispersed using a grating with 1500 g/mm with a spectral resolution better than 1.2 cm −1 . High pressure XRD study is carried out at XPRESS beamline in ELETTRA synchrotron source on bulk MoTe 2 using the diamond anvil cell described above. A mixture of Methanol-Ethanol (4:1) is used as liquid pressure transmitting medium.
Very small amount of silver powder is mixed with the sample to measure the pressure inside the diamond anvil cell. Monochromatic X-rays of wavelength 0.4957Å is used. The incident X-ray is collimated to 20 µm using a pin hole. Diffracted XRD patterns are collected using MAR 345 image plate detector system aligned normal to the beam. XRD pattern of LaB 6 is used to determine sample to detector distance. 2D XRD images are converted into 2θ vs intensity using Dioptas software 8 . Pressure is calibrated using 3rd order Birch Murnaghan equation of state of silver 9 . Pressure is varied in small steps manually up to 30.5 GPa, the highest pressure of this XRD study. X-ray diffraction patterns are indexed using CRYSFIRE software 10 and Lebail fittings are performed using GSAS software 11 . No change in crystal structure is observed in XRD patterns. Large broadening of the XRD patterns are observed above 12 GPa, may be due to increase strain. However with pressure release the sample comes back to its original state. Relative lattice parameter values are shown in Fig.2(a) . It is found that the c-axis is more compressible at low pressures compared to other two axes. Applying pressure upto 30.5 GPa it is observed that a and b axes are reduced by about 5% and 6%, respectively; where as c axis is reduced by more than 12%.
III. RESULTS AND DISCUSSIONS
Close inspection of Fig.2a shows that a and b axes decrease almost linearly up to about 8.4 GPa, and then show a plateau type characteristic up to about 12.7 GPa followed by an almost linear decrease. c axis decreases significantly (about 5%) up to about 3.9 GPa and then decreases slowly with similar plateau type behavior in the pressure range 8.4 GPa to 12.7 GPa. Variation of monoclinic unit cell angle β with pressure is shown in Fig.2b , which 3 shows a peak at about 10.4 GPa. From all the above data it may be noted that the lattice shows an anomalous compression behavior in the pressure range 8.4 GPa to 12.7 GPa. Variation of unit cell volume with applied pressure is shown in Fig.2 (c). Volume data cannot be fitted using a single equation of state(EOS). The unit cell volume initially decreases by about 12% upto pressure 8.4 GPa and could only be fitted using 4 th order BM-EOS 13 .
The Bulk modulus B 0 and its first pressure derivative B ′ are found to be 24±2 GPa and 15±1, respectively, which show that MoTe 2 is highly compressible at low pressures. Higher pressure volume data could be fitted well with 3 rd order BM-EOS above 12.7 GPa 14 . GPa, the freezing pressure of PTM 15 , not a change in compressibility behaviour as observed.
In addition our experimental geometry contained much less sample in comparison to PTM volume and XRD patterns were collected from the central 20 µm area. Therefore the effect of non-hydrostatic stress from freezing is expected to be much less.
For complementary investigation of the sample we have carried out Raman spectroscopy measurements at high pressures. Monoclinic structure of 1T ′ MoTe 2 with a space group P2 1 /m allows 18 Raman active phonon modes (12 A g + 6 B g ) 2 . At room temperature and ambient pressure in back scattering geometry, 9 A g and 3 B g modes are detected in our experiment, which match well with literature 2 . Raman spectra at ambient conditions are collected using 532 nm and 488 nm laser sources to see effect of excitation energies if any and are shown in Fig.3 . In both the cases the spectral features appear more or less similar. The Raman spectra in both cases are fitted using a Lorentzian and the obtained mode frequencies values are given in Table-1 . We have carried out high pressure Raman Spectroscopy measurements using two PTMs: (4:1) Methanol-Ethanol mixture and Silicone oil.
First we shall discuss the results of the experiments using (4:1)Methanol-Ethanol mixture.
The pressure evolution of Raman spectra using both pressure transmitting media are shown in Fig.4 . Among all the detected modes, 8 A g (162 cm −1 ) and 12 A g (258 cm −1 ) modes remain prominent at high pressures. Intensity of 2 B g mode at 93 cm −1 is found to become prominent above 9.7 GPa, which is not visible properly at lower pressure points. Pressure evolution of a few selected mode frequencies are shown in Fig.5(a) . We find a sudden red shift in 12 Fig.4(b) . The spectra are found to be similar to previous experiments using Methanol-Ethanol mixture. The variation of few selected Raman mode frequencies with pressure for Silicone oil are shown in Fig.5(b) . The Raman modes corresponding to 8 A g , 12 A g and 6 A g show a slope change at about 8.5 GPa. We also observe a slight red-shift in 12 A g (Fig.6(b) ), however the shift is smaller in this case in comparison to Methanol-Ethanol PTM (within the error limits). Also the slope changes in 8 A g and 12 A g modes, which were masked due Sudden increase in FWHM of the above Raman mode, which has shown a red-shift, is due to decrease in life-time of the above phonon mode. Life time of a phonon mode is affected due to its scattering with other phonons or electrons. Since we do not see any change in structure, the compression is resisted by the valence electron clouds of Mo and Te atoms taking part in the bond formation. Therefore this sudden increase of FWHM of this mode then can be attributed to electron-phonon scattering due to excited electronic states. 12 
IV. CONCLUSION
We have carried out detailed high pressure Raman and XRD investigation to probe vibrational and structural properties of high quality single crystal 1T ′ MoTe 2 . High pressure XRD analysis shows a drastic change in compressibility of 1T ′ MoTe 2 single crystal in between pressure ranges, ambient to 8.4 GPa and above 12.7 GPa, however no structural transition is observed. Anomalies found in few Raman mode frequencies, red shift of 12 A g and drastic change in FWHM of 12 A g mode are found to happen around 12 GPa. All these changes found 6
in Raman measurements can be interpreted in terms of the large change of compressibility inducing differential strain inside the unit cell which can lead to an electronic transition.
These studies will help in understanding the field of layered TMDCs having superconducting behavior and may lead to prediction of novel strain modulated optoelectronic devices. 
